Background. Artemisinin-resistant malaria (ARM) remains a significant threat to malaria elimination. In the Greater Mekong subregion, the prevalence of ARM in certain regions has reached greater than 90%. Artemisinin-resistant malaria is clinically identified by delayed parasite clearance and has been associated with mutations in the propeller domain of the kelch 13 gene. C580Y is the most prevalent mutation. The detection of ARM currently relies on labor-intensive and time-consuming methods such as clinical phenotyping or in vitro susceptibility testing.
Since 2001, the World Health Organization has recommended artemisinin combination therapy (ACT) for the treatment of uncomplicated falciparum malaria. However, over the last decade, artemisinin-resistant malaria (ARM) emerged and spread rapidly in Southeast Asia [1] [2] [3] . At this time, there are no alternative candidates capable of reaching patients in the next 5 years. The mechanism of artemisinin resistance is partially understood [4, 5] . Artemisinin resistance is clinically defined by the delay of the parasite clearance rate after artemisinin monotherapy or a 3-day regimen of ACT. More specifically, a parasite clearance half-life of more than 5 hours or detection of the circulating parasites by microscopy after 3 days of ACT treatment (day 3 positivity) are considered proxies of resistance [1, 6, 7] . Slow parasite clearance was confirmed for the first time in the ThaiCambodian border in 2008-2009 [6, 8] . Subsequently, ARM spread throughout the greater Mekong region and as far west as the India-Myanmar border [1, 9] . Multiple single-nucleotide polymorphisms (SNPs) in the propeller domain of a kelch gene located on the chromosome 13 (kelch 13, Pf 3D7_1343700) have been associated with artemisinin resistance [10] .
C580Y and R539T mutations constitute 85% of ARM in Southeast Asia. Kelch 13 mutants associated with ARM are confined to Southeast Asia, and their prevalence ranges from 10% to 90% [11] . Currently, the efficacy of alternative therapeutic options including longer treatment periods [12] , substituting drugs [3, 13] , or increasing the numbers of the partner drugs (triple combination) are being evaluated for ARM [13, 14] . However, overuse of these drugs can increase the risk of toxicity [15] and emergence of multidrug-resistant malaria. First screening for the resistant clones and then providing treatment regimens will provide greater stewardship of existing antimalarials. This is particularly relevant because ARM may eventually spread to or develop de novo in sub-Saharan Africa where over 90% of the malaria cases occur, thereby markedly increasing morbidity and mortality [16] . Other protein-altering SNPs in the kelch 13 propeller gene exists in Africa, and therefore risk of treatment failure in Africa also exists [17] .
A rapid detection method for ARM in endemic areas could enable clinicians to treat patients with alternative regimens. Current methods to detect ARM such as parasite clearance halflife determination, day 3 positivity, and sequencing of the kelch 13 propeller gene do not provide clinically actionable results. Detection of ARM SNPs such as C580Y from a fingerprick of blood with a simple molecular test would guide the therapeutic choice for clinicians. Loop mediated isothermal amplification (LAMP)-based methods have been proven to be user-friendly, cost-effective, and deployable near-to-patients [18, 19] . LAMP can be directly visualized by the naked eye because massive deoxyribonucleic acid (DNA) amplification in LAMP leads to accumulation of magnesium pyrophosphate, the byproduct of DNA synthesis, which makes the reaction mixture turbid [20] . Pre-or postaddition of different colorimetric or fluorescent dyes in the reaction mixture further enables the user to observe a color change or fluorescence after the amplification [21, 22] . Bst DNA polymerase, a strand-displacing DNA-synthesizing enzyme used in LAMP, is able to tolerate crude, simplified DNA template extraction methods from human specimens and can be prepared as a dry reagent. Simple heat treatment of the blood specimen can provide suitable templates for isothermal amplification [23] . Single-nucleotide polymorphisms (SNPs) associated with chloroquine and sulfadoxine resistance have been successfully detected by SNP-LAMP relying on a special primer designing scheme [24, 25] . We sought to investigate whether SNP-LAMP could be applied to the detection of the predominant ARM SNP, C580Y.
MATERIAL AND METHODS

Samples
Twenty Cambodian Plasmodium falciparum positive samples containing the kelch 13 Y580 propeller mutation and 74 P. falciparum samples harboring a kelch 13 wild-type allele (C580) were obtained from the Institut Pasteur in Cambodia and Matiranga Upazila Health Complex of Khagrachari district in Bangladesh, respectively [26] [27] . Clinical sample collections were approved by the institutional Ethics Review 
Deoxyribonucleic Acid Extraction
Deoxyribonucleic acid was extracted from 200 µL whole blood or from 80 µL blood spotted on Whatman 3MM filter papers (GE Healthcare Life Sciences, Marlborough, MA) by QIAamp Blood DNA mini kit (QIAGEN, Valencia, CA). We also used a simple boil-spin DNA extraction method [28] . We mixed 20 µL whole blood with an equal volume of lysis buffer (40 mM TrisHCl of pH 6.5, 400 mM NaCl, and 0.4% SDS). The mixture was then boiled at 95°C for 5 minutes and subsequently centrifuged at 10 000 ×g for 10 minutes after cooling. After centrifugation, 20 µL supernatant was separated for SNP-LAMP application.
Real-Time Polymearse Chain Reaction
Quantitative real-time polymearse chain reaction (PCR) was carried out on DNA extracted from the dried blood spots and P. falciparum culture-spiked malaria blood to determine the parasitemia of the positive samples as described previously [27] .
Sequencing of kelch 13 Propeller Gene
The P. falciparum kelch 13 propeller gene was amplified from the samples and Sanger sequenced bidirectionally by ABI 3730 DNA Analyser (Applied Biosystems, Foster City, CA) as described previously [10] .
Loop Mediated Isothermal Amplification Primer Designing
Primers for the SNP-LAMP assay were designed initially by using the Primer Explorer v4 (https://primerexplorer.jp/ lamp4.0.0/index.html). Each primer set contains 5 primers, namely F3, B3, F1P, B1P, and LPB. It is notable that our design does not rely on the use of a LPF primer as observed in other LAMP strategies. Although F3, B3, and F1P remain constant in all primer sets, the 3´ end of the B1P and 3´ end of the LPB primer were modified. The 3´ end of the B1P and 3´ end of the LPB primer were designed to simultaneously overlap codon 580 of kelch 13 ( Figure 1 ). If the mutated nucleotide of the codon is designated "0, " mismatches were introduced at position -1, -2, and -3 of both complementary B1P and LPB primers in relation to the wild-type sequence. B1P and LPB primers in Set 30 are a perfect match with the mutant type sequence, Set 31 has one mismatch at position -1, Set 32 has two mismatches at position -1 and -2, and Set 33 has three mismatches at positions -1, -2, and -3 ( Table 2 ). The addition of mismatched nucleotides in these 2 primers were predicted to preferentially amplify mutant over wild type because more mismatches were present when compared with the wild-type sequence. LAMP conditions were optimized as follows: 20 mM Tris-HCl, 10 mM (NH 4 ) 2 SO 4 , 50 mM KCl, and 0.1% Tween 20 pH 8. 
Loop Mediated Isothermal Amplification Condition Optimization
To validate the assay, the kelch motif of the 2 laboratory-adapted Cambodian strains MRA-1236 (C580) and MRA-1240 (Y580) was amplified by PCR [10] . Purified PCR product concentrations were measured by NanoDrop microvolume spectrophotometer (ThermoFisher Scientific, Waltham, MA) to determine the amplicon copy number. Subsequently, the amplicons were serially diluted within a range of 100-1 000 000 copies per µL. Concentrations of F1P, B1P (0.8-2.4 µM), and LPB (0.2-0.8 µM) primers and reaction temperatures (59-65°C) were altered to find the optimum conditions for Bst 2.0 WarmStart DNA polymerase. Final primer concentrations were as follows: 1.6 µM F1P and B1P, 0.4 µM LPB, 0.2 µM F3, and B3 primer concentration in a 25-µL reaction volume. After initial optimization with the PCR amplicons, we spiked uninfected blood with laboratory cultures of MRA-1236 and MRA-1240 and determined the parasite count per microliter. The spiked blood specimens were serially diluted with uninfected blood to obtain a parasite density ranged from 1 to 1 000 000 parasites per µL. DNA was extracted (as described earlier) directly from whole blood and from filter paper dried blood spots. We have used these extracts to optimize the reac- 
Loop Mediated Isothermal Amplification Assay on Clinical Specimens
We used between 2 µL of the whole blood extracted DNA and 6-µL filter paper-extracted DNA to perform the SNP-LAMP assay. Assay results were determined by measurement of turbidity by NanoDrop. Cut off value for turbidity was set at optical density = 0.01 because at this turbidity level, three independent readers agreed for a positive call (data not shown). In the second round of testing, to ensure the samples were within the dynamic range of the assay, extracted DNA was either diluted with diethyl pyrocarbonate-treated water (VWR, Edmonton, AB) or input template volume was increased where required to fall within a parasite density ranging from 500 to 100 000 per µL. Low parasitemia specimens containing 370 and 381 parasites per µL were repeated with an increment in the template volume from 6 µL to 10 µL to increase template concentration and fall within the assay range. Table 2 . Set 31 provided optimal results with introduction of 1 mismatch nucleotide at position -1 relative to the mutated nucleotide C580Y (TGT→TAT). 
Data Analysis
GraphPad Prism 6.0 software (Graphpad Softare Inc., San Diego, CA) was used to calculate mean, standard error of mean (SEM), and to generate the figures. Mean and SEM were calculated from 2 separate experiments.
RESULTS
Loop Mediated Isothermal Amplification Optimization: Selection of Primer Set and Enzyme
Using the primer design scheme in Figure 1 , all primers listed in Table 2 were evaluated. In screening experiments, primer Set 31 was able to distinguish mutant Y580 and C580 across the broadest dynamic range and was chosen for further evaluation. In particular, primer Set 31 could specifically detect mutant templates starting at 50 000 to 1 000 000 copies of the PCR product to distinguish wild-type from mutant in P. falciparum culture-spiked blood specimens between 5000 to 100 000 parasites per μL (data not shown). Bst 2.0 WarmStart DNA polymerase, Bst 3.0 DNA polymerase, and GspSSD2 polymerase enzymes were assessed on the CFX96 real-time detection system. Bst 2.0 WarmStart DNA polymerase achieved the broadest dynamic range for specific amplification of mutant Y580 between 100 and 10 000 parasites per μL (Figure 2b ). Amplification by GspSSD2 was specific for the mutant and was restricted to 10-1000 parasites per µL (Figure 2a) , whereas Bst 3.0 DNA polymerase was unable to achieve specific amplification of the mutant at any parasitemia (data not shown). A reaction temperature of 63 o C was empirically chosen for these experiments.
Loop Mediated Isothermal Amplification Optimization: Reaction Temperature
To confirm or refute whether 63 o C was the optimal temperature for SNP-LAMP, we performed SNP-LAMP on kelch 13 PCR product templates at various reaction temperatures from 59°C to 65°C with 2 o C increments ( Figure 3 ). Amplification specificity of mutant Y580 compared with wild-type C580 was greatest at 63 o C with the broadest dynamic range of 10 000-1 000 000 template copy numbers observed. Amplification products were confirmed by gel electrophoresis. A ladder-like pattern typical of LAMP products was observed with a 150-base pair amplicons as predicted from primer designing (data not shown).
Loop Mediated Isothermal Amplification Optimization: Reaction Time
Single-nucleotide polymorphism LAMP was performed using harboring C580). Turbidity was measured at 600-nm wavelength by NanoDrop measured at different reaction time points ranging from 50 to 75 minutes at 5-minutes increments (Figure 4 ). Superior discrimination of mutant from wild type was achieved between 500 and 100 000 parasites per μL at 65 minutes. In serial dilution experiments, a limit of detection of 100 parasites per μL was observed (Figure 4 ). Similar discrimination (dynamic range: 500-100 000 parasites/μL) was achieved by using 3 µL of boil spin extract at 90 minutes (Supplementary Figure 1) .
Loop Mediated Isothermal Amplification Optimization: Fluorescence Detection
In an effort to design a naked-eye detection method for SNP-LAMP, 2.0 µL 1000× GelGreen was added after 55 minutes of amplification with Bst 2.0 WarmStart DNA polymerase at 63 o C. Culture-spiked blood specimens (mutant Y580 kelch13 from laboratory strain MRA 1240 and wild-type MRA 1236 harboring C580) were used as template. The shorter reaction time was based on validation studies using fluorescence (Supplementary Figure 2) . Detection of the Y580 mutant could be specifically achieved by naked-eye detection of fluorescence between 500 and 100 000 parasites per μL for the Y580 mutant ( Figure 5 ).
Confirmation of Specificity and Limit of Detection
The SNP-LAMP assay was conducted on Plasmodium vivax, Plasmodium ovale, and human DNA. No cross-reactivity was observed (data not shown). Similarly, in the mixed population of wild-type and mutant type parasites, the assay dynamic range remains unchanged with a reliable positive detection between 500 and 100 000 parasites per μL (Supplementary Table 1) .
Clinical Sensitivity and Specificity
Based on the series of validation experiments, Bst 2.0 WarmStart DNA polymerase with a reaction time of 65 minutes, temperature of 63 o C, and turbidity measurement by NanoDrop was used to evaluate clinical specimens from patients. Clinical sensitivity of the SNP-LAMP method for detecting mutant Y580 was 90% (95% confidence interval [CI], 66.87-98.25) with a specificity of 91.89% (95% CI, 82.57-96.67) ( Table 1 ). The SNP-LAMP assay detected six false positives, whereas two Y580 mutant specimens were falsely identified as wild type (false negatives).
The six falsely positive diagnosed samples contained 158 480, 210 000, 261 480, 126 000, 39 800, and 36 280 parasites per μL of whole blood. Because the dynamic range of SNP-LAMP assay is between 500 and 100 000 parasites per µL, four specimens were outside the range. After diluting the samples to fall within the assay dynamic range, they became negative. Therefore, only two specimens with parasite density of 39 800 and 36 200 parasites per µL remained false positive. Both false-negative Y580 mutant samples were subsequently detected as positive after increasing input volume.
DISCUSSION
The LAMP-based methods have been recognized for robustness, simplicity, rapidity, and cost effectiveness as a potential nearto-patient molecular test [19, 29, 30] . Recently, LAMP-based methods have been adapted to detect SNPs for genotyping and drug resistance [24, 25, 31] . The SNP-LAMP assays have successfully detected mutations in P. falciparum chloroquine resistance transporter gene (Pfcrt) for chloroquine resistance [25] and P. falciparum dihydrofolate reductase gene (Pfdhfr) for pyrimethamine resistance [24] . Our novel SNP-LAMP detection strategy incorporates an overlap between the ends of an initial loop forming primer (B1P) with one of the boosting primers (LPB), introduction of artificial mismatches at the key nucleotides upstream of the mutation, and elimination of the LPF primer. Through a series of validation experiments, we used reaction conditions and enzymes that are geared to detect SNPs for a parasitemia range from 500 to 100 000 parasites per µL, which corresponds with most parasite counts for uncomplicated P. falciparum-malaria [27, 32, 33] . The SNP-LAMP assay in this study achieved a sensitivity of 100% and specificity 97.29% for the detection of Y580 associated with ARM.
Six false-positive and 2 false-negative specimens were found in clinical samples. Four of 6 false-positive and both false-negative specimens were resolved after adjusting the parasitemia to the range detectable by the SNP-LAMP assay. In case of the samples where parasite density is lower than 500 per µL, an increment of template volume or concentrating the samples by reducing DNA elution volume from a larger volume of whole blood can increase the chance of mutant detection. The minimum level of detection can be further improved by increasing the reaction time but may increase the likelihood of false positives. In contrast, high parasite density containing samples can be easily diluted to fit within the assay range. A similar primer designing strategy may be used to detect other common mutations in the kelch 13 propeller gene. Detection of the P. falciparum kelch 13 propeller gene mutation (SNPs) will be essential for the containment of ARM [34] . This SNP-LAMP assay can provide an indication of slow parasite clearance earlier than conventional methods. Therefore, clinicians may be able to adjust therapeutics based on early resistance diagnosis. The SNP-LAMP assays can be conducted within 2.5 hours from sample to result, in contrast to current in vitro and in vivo methods that may take days and are not provided in a clinically relevant timeframe.
Limitations of the study are severalfold. First, the study is retrospective in design, relying on field collected specimens. A prospective study in an endemic area for ARM would validate the feasibility of this approach in near-to-patient format. Although the assay has the potential to be implemented without significant training and capital equipment needs, it still requires basic knowledge in molecular techniques, centrifugation, and heat block usage. Of note, this type of equipment can be powered by lithium ion battery (our unpublished observations). Optimization of a simplified extraction method is required akin to the gravity flow columns used in certain commercial LAMP kits so that centrifugation can be avoided [35] . The best performance characteristics of the assay were achieved with a prior knowledge of parasite density. This will require reference microscopy facilities near-to-patient. Given these constraints, the assay remains best suited to a hospital setting in endemic areas where laboratory facilities exist or a more advanced health center with an adjoining laboratory. The two major equipment requirements are centrifuge and waterbath, together with training for the technologist.
CONCLUSIONS
The SNP-LAMP assay is highly sensitive and specific for the detection of ARM. This assay can also be used for surveillance of the Y580 mutation in the endemic areas as well. However, more work is required to further evaluate the clinical utility of this test prospectively in ARM-endemic areas such as Cambodia. 
